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Transport and Fate of Nitrate and Pesticides: Hydrogeology and Riparian
Zone Processes

Larry J. Puckett* and W. Brian Hughes

ABSTRACT on the ability of riparian buffer zones to remove NO�
3

from ground water through denitrification and plantThere is continuing concern over potential impacts of widespread
uptake (e.g., Haycock et al., 1993; Hill, 1996; Puckettapplication of nutrients and pesticides on ground- and surface-water

quality. Transport and fate of nitrate and pesticides were investigated et al., 2002).
in a shallow aquifer and adjacent stream, Cow Castle Creek, in Or- Hill (1996) reviewed NO�

3 transformation and re-
angeburg County, South Carolina. Pesticide and pesticide degradate moval processes in riparian zones and concluded that
concentrations were detected in ground water with greatest frequency previous research had failed to adequately consider hy-
and largest concentrations directly beneath and downgradient from drogeologic controls on biogeochemical processes. He
the corn (Zea mays L.) field where they were applied. In almost

also felt that most studies had been conducted in similarall samples in which they were detected, concentrations of pesticide
settings, making it difficult to extrapolate findings todegradates greatly exceeded those of parent compounds, and were
other areas. Devito et al. (2000) concluded that “concep-still present in ground waters that were recharged during the previous
tual models that link riparian lithology to ground water18 yr. The absence of both parent and degradate compounds in sam-

ples collected from deeper in the aquifer suggests that this persistence NO�
3 dynamics are necessary to improve our ability to

is limited or that the ground water had recharged before use of the predict the effectiveness of riparian zones to remove
pesticide. Concentrations of NO�

3 in ground water decreased with NO�
3 in a range of landscapes.” Puckett (2004) examined

increasing depth and age, but denitrification was not a dominant results of 13 riparian zone studies from around the
controlling factor. Hydrologic and chemical data indicated that ground United States and concluded that NO�

3 removal effec-
water discharges to the creek and chemical exchange takes place

tiveness may be limited by several hydrogeologic fac-within the upper 0.7 m of the streambed. Ground water had its greatest
tors. These factors include (i) total denitrification ininfluence on surface-water chemistry during low-flow periods, causing
the upgradient aquifer; (ii) long residence times alonga decrease in concentrations of Cl�, NO�

3 , pesticides, and pesticide
ground-water flow paths allowing even slow reactionsdegradates. Conversely, shallow subsurface drainage dominates stream

chemistry during high-flow periods, increasing stream concentrations to completely remove NO�
3 ; (iii) dilution of NO�

3 –
of Cl�, NO�

3 , pesticides, and pesticide degradates. These results point enriched waters with older ground water containing low
out the importance of understanding the hydrogeologic setting when concentrations of NO�

3 ; (iv) bypassing of riparian zones
investigating transport and fate of contaminants in ground water and due to extensive use of drains and ditches; and (v) move-
surface water. ment of ground water along deep flow paths below

shallower, organic-rich reducing zones. In spite of some
recent research, there is still inadequate information on

Widespread use of agricultural chemicals, particu- hydrogeologic controls on NO�
3 transport through ripar-

larly nitrate (NO�
3 ) and various organic pesticides, ian zones in a wide enough range of settings to develop

has generated concern over their potential impacts on the type of conceptual model envisioned by Devito et
ground- and surface-water quality (Puckett, 1995; Bar- al. (2000).
bash and Resek, 1996; Mueller and Helsel, 1996; Larson Studies of the transport and fate of pesticides in
et al., 1997). United States Geological Survey (USGS) ground water have shown that biotransformation rates
data (Barbara Ruddy, USGS, written communication, are much faster in the shallow soil zone than in either
2003) indicate that since 1945, the use of nitrogen as the deep unsaturated or saturated zones (Wehtje et al.,
commercial fertilizer in the United States has increased 1983; McMahon et al., 1992; Vinther et al., 2001). Fur-
more than 20-fold, and information on pesticide use thermore, a number of studies suggest that biotransfor-
suggests a similar pattern (Barbash and Resek, 1996). mation rates may be limited by the lack of organic car-
Under reducing conditions NO�

3 is converted to N2 gas bon and/or microbial populations, which generally have
by denitrification, a process reviewed in detail by Korom been shown to decrease with depth in aquifers (McMa-
(1992). Denitrification has been shown to occur within hon et al., 1992; Chapelle, 1993; Loague et al., 1994;
aquifers (e.g., Trudell et al., 1986; Postma et al., 1991; Vinther et al., 2001). For at least some pesticides, such
Puckett and Cowdery, 2002), and interest has focused as atrazine, abiotic transformations may be more impor-

tant than microbial processes, particularly under acidicL.J. Puckett, U.S. Geological Survey, 413 National Center, Reston,
conditions (Armstrong and Chesters, 1968; Accinelli etVA 20192. W.B. Hughes, U.S. Geological Survey, 3039 Amwiler Road,

Norcross, GA 30360. The use of trade names in this paper is for al., 2001).
identification purposes only and does not constitute endorsement by Recent surveys of the occurrence and distribution of
the U.S. Geological Survey. Received 28 Mar. 2005. *Corresponding organic pesticides in ground waters (Kalkhoff et al.,
author (lpuckett@usgs.gov).

1998; Burkart et al., 1999; Kolpin et al., 2001) and surface
waters of the midwestern United States (Kalkhoff etPublished in J. Environ. Qual. 34:2278–2292 (2005).

Technical Reports: Landscape and Watershed Processes
doi:10.2134/jeq2005.0109 Abbreviations: CFC, chlorofluorocarbon; DOC, dissolved organic car-

bon; ESA, ethane-sulfonic acid; MCL, maximum contaminant level;© ASA, CSSA, SSSA
677 S. Segoe Rd., Madison, WI 53711 USA OA, oxanilic acid.
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areas. Pine (Pinus spp.) trees are grown in areas with poorlyal., 1998, 2003) have revealed that degradates of the
drained soils that are not tiled.most commonly used triazine and chloroacetanilide her-

Annual average temperature is 17.5�C, and precipitation isbicides often persisted in greater frequency and concen-
approximately 1200 mm yr�1 (Owensby and Ezell, 1992). Soiltration than the parent compounds. Kolpin et al. (1995)
permeability is relatively high at 7.4 cm h�1 (Wolock, 1997),provided direct information on ground-water age and and overland flow has been estimated to account for only 3.4

pesticide detection frequency. However, their results to 4.3% of total streamflow (Wolock, 2003a, 2003b). Conse-
were limited to a pre- and post-1953 classification based quently, most water moving to Cow Castle Creek reaches it
on tritium concentrations. More recently, Spurlock et either as shallow subsurface drainage through tile drains and
al. (2000) showed that selected pesticides had persisted ditches or as discharging ground water. In the vicinity of the

study site, Cow Castle Creek has a 200-m-wide floodplain within ground water dated to have recharged from 2 to 33 yr
a deciduous riparian forest. The creek has been straightenedbefore the time of sample collection. Because they sam-
and channelized throughout the study area. The stream chan-pled domestic wells with variable-length screened inter-
nel is about 6 m wide and is incised 2 m below the surroundingvals, it is difficult to know exactly when the pesticides
floodplain surface.reached the wells. Wilson et al. (1983) and McMahon

Within the 62-km2 Cow Castle Creek watershed above theet al. (1992) suggested that slow ground-water flow rates USGS streamgaging station, nitrogen and phosphorus inputs
may result in significant degradation of organic contami- as fertilizer, manure, and atmospheric deposition during 1997
nants, but there is little information as to how long totaled 185 Mg N and 36 Mg P (Barbara Ruddy, USGS, written
these compounds may actually persist in the natural communication, 2003). Fertilizer is applied to the crop areas
environment (Kalkhoff et al., 2003). Consequently, little of the study site in the form of animal manure and commercial

chemical fertilizer. Farm records indicate that in 1996, nitrogenis known about the long-term transport and fate of
was applied as liquid chemical fertilizer to the hay field at amany pesticides.
rate of 220 kg ha�1. Manure applied to the corn field in 1996In the study reported here we examined the transport
provided 340 kg ha�1 of nitrogen and 310 kg ha�1 phosphorus.and fate of NO�

3 , and the persistence of selected pesti-
Pesticide use in the Cow Castle Creek watershed duringcides and their degradates in a surficial aquifer and 1997 consisted of 600 kg atrazine, 380 kg metolachlor, 230

hydraulically connected stream. One specific objective kg alachlor, 250 kg chlorpyrifos, and 10 kg simazine (Naomi
was to determine the role of the hydrogeologic setting Nakagaki, USGS, written communication, 2003). Pesticides
in the transport and fate of these contaminants. Our used at the study site in 1996, according to farm records,
hypotheses were that due to long travel times in the included the herbicides ametryn, atrazine, metolachlor, and

2,4-D, which were applied to the corn field at rates of 1.3, 0.7,ground-water system (i) NO�
3 would be removed be-

0.9, and 0.6 kg ha�1 of active ingredient, respectively. Thecause of denitrification in the shallow aquifer and the
herbicide 2,4-D was applied to the hay field at a rate of 0.8riparian zone, and (ii) pesticides and selected pesticide
kg ha�1 of active ingredient; no insecticides were applied.degradates would be mineralized to undetectable levels

before they reached the adjacent creek.
METHODS

STUDY AREA Water Sample Collection
The study area is located in Orangeburg County, South In the summer of 1996, 15 shallow water-table wells were

Carolina (Fig. 1), in an area of a series of low relief, eroded installed to determine the predominant direction of ground-
escarpments with low-gradient streams and swamps. The sur- water flow and seasonal fluctuations in the water table. These
ficial water-table aquifer is composed of Pleistocene-age, wells were constructed with 5-cm-diameter, threaded polyvinyl
coastal terrace deposits and Holocene-age floodplain deposits chloride (PVC) pipe with 1.5-m-long slotted PVC screens. Infor-
(McCartan et al., 1984) typically up to 12 m thick. The surficial mation collected during well installation and subsequent moni-
aquifer is separated from the Floridan aquifer and other un- toring of water levels was used to develop a water-table map
derlying aquifers by a confining unit, comprising a variety and plan the installation of the second network of wells.
of materials, with estimated hydraulic conductivities ranging Seven multiport wells with three to five sampling ports
from 3 � 10�5 to 2.8 � 10�4 m d�1 (Aucott, 1996). The ground- each, comprising 27 sampling ports, were installed in a transect
water system is stratified, comprising a series of shallow, inter- parallel to the predominant direction of ground-water flow
mediate, and regional flow systems (Aucott, 1996); much of (Fig. 1 and 2). These wells were constructed following a proce-
the water moves through the shallow flow system and dis- dure outlined by Delin and Landon (1996). Well sites were
charges to nearby streams. labeled numerically (1 through 7) beginning in Cow Castle

The study site is part of a dairy farm, adjacent to Cow Creek and proceeding in increasing order upgradient. Individ-
Castle Creek (Fig. 1), and consists of wooded areas and several ual screened intervals were labeled using Roman numerals (I
fields. Near-surface geology at the study site is characterized through V) beginning at the shallowest interval and increasing
by interbedded sand, clay, and calcareous deposits (Fig. 2). with depth (Fig. 2).
The deepest unit encountered at the site is a thin and discontin- At multiport Well Sites 4 through 7, 5-cm-diameter PVC
uous sandy limestone, described by McCartan et al. (1984). wells with a 1.5-m-long screen were also installed. Construc-
The floodplain is underlain by coarse to very coarse sand tion of these wells was similar to the water-table wells de-
interbedded with shell beds and some organic horizons; upland scribed above. These wells generally were completed 1 to 3 m
areas are underlain by sand, silty sand, and clayey sand. Soils below the deepest multiport sampler at depths where it was
at the study site were classified by DeFrancesco (1988) as difficult to install the multiport wells. Two other wells of this
Goldsboro (fine-loamy, siliceous, subactive, thermic Aquic type were installed at multiport Well Sites 2 and 3 to serve as
Paleudults), Noboco (fine-loamy, siliceous, subactive, thermic water-level reference wells. Water levels in the 5-cm-diameter
Oxyaquic Paleudults), and Rains (fine-loamy, siliceous, semi- PVC wells were measured using an electric tape whereas water
active, thermic Typic Paleaquults). Drain tiles and ditches are levels in the multiport wells were measured using a portable

manometer (Winter et al., 1988).used to lower the seasonally high water table in agricultural
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Fig. 1. Location map and aerial photograph (recorded 22 Feb. 1995) of the study site showing locations of important landscape features and
the study transect A–A�. The study transect is shown in cross-section view in Fig. 2.
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Fig. 2. Hydrogeologic units and sample well locations along the study transect A–A� in Fig. 1.

Water samples were collected from Cow Castle Creek ap- to provide a description of mineralogy at several points across
the thickness of the aquifer at these locations. A separateproximately monthly from October 1995 through September

1998, at a streamgaging station about 1 km downstream from aliquot of each sample was analyzed for total carbon (C) using
a Carlo Erba elemental analyzer (CE Elantach, Lakewood,the intersection of the well transect and the creek (Fig. 1);

during February 1996 through October 1996, samples were NJ). A duplicate sample was exposed to hydrochloric acid
fumes to remove inorganic C, after which organic C contentcollected weekly. Surface-water samples were collected in

multiple vertical sections using a USGS DH-81 depth-integrat- was measured; inorganic C was calculated as the difference
between total and organic C (Hedges and Stern, 1984).ing sampler with a 7.9-mm Teflon nozzle and a 3-L Teflon

bottle. Water levels at the streamgaging station were recorded
hourly and converted to discharge based on a calibrated rating Water Sample Analysis
curve. On 3 Dec. 1998, flow was measured with a current

Water samples were filtered through 0.45-�m nitrocellulosemeter (Buchanan and Somers, 1969) at five sites within a 168-
filters (a silver filter was used for dissolved organic carbonm-long reach bracketing the multiport well transect, to test
[DOC] samples). Temperature, pH, conductance, and alkalin-for changes in discharge that may have occurred as a result
ity were measured in the field. Samples were analyzed byof ground-water discharge within the reach.
the USGS National Water Quality Laboratory (NWQL) inGround-water samples were collected from the multiport
Denver, CO, for cations, anions, nutrients, pesticides, andsamplers in November 1997, April 1998, and August 1998. The
organic carbon; samples collected for cation analyses werelarge-diameter wells were sampled using standard protocols
preserved with nitric acid. Cations and silica were analyzed(Koterba et al., 1995). The multiport wells were sampled using
by inductively coupled plasma spectroscopy, anions by iona peristaltic pump. Teflon tubing was attached to the stainless
chromatography, nutrients by colorimetric methods, and DOCsteel tubing and a 30.5-cm section of Viton tubing was used
by persulfate oxidation and infrared spectrometry (Fishmanin the peristaltic pump head. The Teflon tubing was cleaned
and Friedman, 1989; Fishman, 1993; Wershaw et al., 1987).according to standard protocols (Koterba et al., 1995) and the

Samples for analyses of pesticides were filtered throughViton tubing was discarded after each multiport was sampled
0.7-�m baked-glass fiber filters into two amber, baked-glassto prevent cross contamination. Before sampling, wells were
bottles. One bottle was shipped to the NWQL and the otherpurged of at least three well volumes with pumping continuing
to the USGS Organic Research Laboratory (ORL) in Law-until field parameters, including dissolved O2, specific conduc-
rence, KS (Table 1). The NWQL sample was analyzed fortance, pH, and temperature, stabilized (Koterba et al., 1995).
88 organic compounds (Reuber, 2001) including acetochlor,
alachlor, metolachlor, atrazine, deethylatrazine, simazine, pro-Sediment Analyses meton, tebuthiuron, cyanazine, and chlorpyrifos by gas chro-
matography–mass spectrometry (GC–MS) with selected ionSediment samples collected from various distinctive sedi-

ment horizons from Sites 2 and 6 (Fig. 2) were sorted into monitoring after extraction on C-18 solid-phase cartridges;
reporting limits for these compounds ranged from 0.001 tobulk and �1-�m-size fractions and analyzed for mineralogy

by X-ray diffraction. Samples for these analyses were selected 0.018 �g L�1. The ORL sample was analyzed for 23 compounds
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Table 1. Herbicides and herbicide degradation products analyzed by the Organic Research Laboratory for this study.

Common name Chemical name Use or origin Method†

Acetochlor 2-chloro-N-(ethoxymethyl)-N-(2-ethyl-6-methylphenyl)acetamide herbicide GC–MS
Acetochlor ethane-sulfonic acid 2-[(2-ethyl-6-methylphenyl)(ethoxymethyl)amino]-2-oxoethane sulfonic acid herbicide degradate HPLC

(ESA) (acetochlor)
Acetochlor oxanilic acid (OA) 2-[(2-ethyl-6-methylphenyl)(ethoxymethyl)amino]-2-oxoacetic acid herbicide degradate HPLC

(acetochlor)
Alachlor 2-chloro-2�-6�-diethyl-N-(methoxymethyl)-acetanilide herbicide GC–MS
Alachlor ESA 2-[(2,6-diethylphenyl)(methoxymethyl)amino]-2-oxoethane sulfonic acid herbicide degradate HPLC

(alachlor)
Alachlor OA 2-[(2,6-diethylphenyl)(methoxymethyl)amino]-2-oxoacetic acid herbicide degradate HPLC

(alachlor)
Ametryn 2-(ethylamino)-4-isopropylamino-6-methyl-thio-s-triazine herbicide GC–MS
Atrazine 2-chloro-4-ethylamino-6-isopropylamino-s-triazine herbicide GC–MS
Deethylatrazine (DEA) 2-amino-4-chloro-6-(isopropylamino)-s-triazine herbicide degradate GC–MS

(atrazine, propazine)
Deisopropylatrazine (DIA) 2-amino-4-chloro-6-(ethylamino)-s-triazine herbicide degradate GC–MS

(atrazine, cyanazine,
simazine)

Hydroxyatrazine (HA) 2-hydroxy-4-(ethylamino)-6-(isopropylamino)-s-triazine herbicide degradate HPLC
(atrazine)

Cyanazine 2-[[4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl]amino]-2-methyl propionitrile herbicide GC–MS
Cyanazine amide 2-chloro-4-(1-carbamoyl-1-methyl-ethylamino)-6-ethylamino-s-triazine herbicide degradate GC–MS

(cyanazine)
Metolachlor 2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methyl ethyl) herbicide GC–MS

acetamide
Metolachlor ESA 2-[(2-ethyl-6-methylphenyl)(2-methoxy-1-methylethyl)amino]-2- herbicide degradate HPLC

oxoethanesulfonic acid (metolachlor)
Metolachlor OA 2-[(2-ethyl-6-methylphenyl)(2-methoxy-1-methylethyl)amino]-2-oxoacetic herbicide degradate HPLC

acid (metolachlor)
Metribuzin 4-amino-6-(1,1-dimethylethyl)-3-(methylthio)-1,2,4-triazin-5(4H )-one herbicide GC–MS
Prometon 2,4-bis(isopropylamino)-6-methyoxy-s-triazine herbicide GC–MS
Prometryn 2,4-bis(isopropylamino)-6-(methylthio)-s-triazine herbicide GC–MS
Propachlor 2-chloro-N-isopropylacetanilide herbicide GC–MS
Propazine 2-chloro-4,6-bis(isopropylamino)-s-triazine herbicide GC–MS
Simazine 2-chloro-4,6-bis(ethylamino)-s-triazine herbicide GC–MS
Terbutryn 2-tert-butylamino-4-ethylamino-6-methylthio-s-triazine herbicide GC–MS

† GC–MS, gas chromatography–mass spectrometry; HPLC, high-performance liquid chromotography.

(Kolpin et al., 1998) including acetochlor, alachlor, meto- at laboratory temperatures and have an error of �2 to 4%.
Under most conditions, the N2 gas produced by denitrificationlachlor, and their oxanilic acid (OA) and ethane-sulfonic acid

(ESA) degradates, as well as atrazine and simazine. Reporting will remain in solution until the ground water discharges to
a surface-water body and equilibrates with the atmospherelimits for compounds analyzed by the ORL were about an

order-of-magnitude greater than those at the NWQL, and (Heaton and Vogel, 1981; Blicher-Mathiesen et al., 1998).
Therefore, concentrations of N2 and Ar gases dissolved inranged from 0.05 �g L�1 for parent compounds to 0.2 �g L�1

for degradates. Because of differences in the reporting limits, water were used to estimate the amount of nitrogen resulting
from denitrification (Heaton and Vogel, 1981; Vogel et al.,results are reported separately. The latter analytes were ana-

lyzed by high-performance liquid chromatography (HPLC) 1981; Puckett et al., 2002).
with diode-array detection and quantitation after extraction
on C-18 solid-phase cartridges (Thurman et al., 1990; Meyer Chlorofluorocarbon Age Dating
et al., 1993). Analyte groups measured in ground- and surface-

Samples for analyses of the chlorofluorocarbons CFCl3water samples collected during various time periods of the
(CFC-11), CF2Cl2 (CFC-12), and C2F3Cl3 (CFC-113) were col-study are presented in Table 2.
lected in November 1997 using a stainless steel sampling appa-
ratus under an ultra-pure nitrogen atmosphere and were flameDissolved Gases sealed in 62-cc borosilicate glass ampoules (Busenberg and
Plummer, 1992). Samples were analyzed by electron-captureDissolved N2 and Ar in ground-water samples collected in

November 1997 were analyzed by gas chromatography after gas chromatography with a detection limit of 0.3 pg kg�1 for
CFC-11 and CFC-12, and 1.0 pg kg�1 for CFC-113 (Busenbergextraction in headspaces of glass samplers (Busenberg et al.,

1998). Results were corrected for solubility in sample water and Plummer, 1992). Sample ages were assigned on the basis

Table 2. Analytes determined in ground- and surface-water samples collected at various time periods during the study.

Pesticides†
Organic

Sample type Time period Cations Anions Nutrients carbon NWQL ORL

Surface water October 1995–September 1998, monthly X X X X NA‡ NA
February–October 1996, weekly X X X X X NA
April 1997–March 1998, monthly X X X X NA X

Ground water November 1997 X X X X X X
April 1998 X X X X X NA
August 1998 X X X X NA NA

† Pesticide samples labeled NWQL were analyzed at the USGS National Water Quality Laboratory in Denver, CO, and those labeled ORL were analyzed
at the USGS Organic Research Laboratory in Lawrence, KS.

‡ Not analyzed for the respective analytes.
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of a comparison of CFC equilibrium partial pressures, cor- stream flow, again due to the dominant influence of
rected for recharge temperature, with a chronology of atmo- ground-water discharge. Concentrations of Cl�, NO�

3 ,
spheric partial pressures (Busenberg and Plummer, 1992). and O2 in stream water were greatest during periods

of high flow, due to shallow subsurface drainage from
RESULTS agricultural fields. Given the widespread agricultural

land use in the watershed, the range in NO�
3 concentra-Surface Water Hydrology

tion (33.6–279 �mol L�1) seemed relatively small values
The median discharge of Cow Castle Creek during and were only about one-third the maximum contami-

the October 1995 through September 1998 sampling pe- nant level (MCL) set by the USEPA (2005). However,
riod was 0.21 m3 s�1, and ranged from 0.003 to 10.7 m3 concentrations were still as great as 6.5 times the 42.8
s�1 (Table 3). Comparisons of discharge at five points on �mol L�1 considered background (Mueller and Helsel,
the creek during December 1998 indicated that discharge 1996). Concentrations of most other inorganic analytes
increased by as much as 22% through the 85-m-long either varied less than about 10% from the 3-yr median
section of the reach upstream from the transect site and or were negligible.
increased by 13.4% overall. Although discharge de- Among the 88 pesticides analyzed in the 39 surface-
creased somewhat through the 68-m-long section down- water samples collected during February through Octo-
stream from the well transect site, these changes were ber 1996, 23 were detected above the reporting limit,
within measurement error. This increase in flow during but only 7 of the compounds were present in more than
the low-flow period with no tile drain discharges would 25% of samples (Table 4). Metolachlor was present in
be expected for a stream that receives ground-water all 39 samples at concentrations ranging from just above
discharge. Therefore, overall ground-water discharge the reporting limit to 1.1 �g L�1. The results for simazine
within the 168-m-long reach was about 2 � 10�6 m3

and tebuthiuron are interesting given their low agricul-
s�1 m�1. tural use (10 kg and 0 kg, respectively, in 1997) within

the watershed. These results probably indicate nonagri-
Surface Water Chemistry cultural sources because simazine also is used in aquatic

weed control and on turfgrass, and tebuthiuron is usedThe analytes having the largest concentrations in
on roadways and rights of way (Hoffman et al., 2000).stream water (Table 3) were Ca2� and HCO�

3 . Concen-
The median concentrations of chlorpyrifos, alachlor,trations of these two analytes, along with pH, were at

and deethylatrazine were near their respective report-a maximum during the period of lowest stream flow,
ing limits, and the maximum concentrations were onlyreflecting the carbonate content of the deeper sediments
about an order-of-magnitude greater than their medi-underlying the riparian zone and the increased impor-
ans. The median concentration of deethylatrazine wastance of ground-water discharge as a major compo-
only slightly greater than its reporting limit, and its maxi-nent of stream baseflow at that time. Conversely, Ca2�,
mum was only about 3% of the maximum atrazine con-HCO�

3 , and SiO2 were at their lowest concentrations
centration, reflecting insufficient residence time in theduring periods of high flow, due to dilution of the dis-
soil for the biologically mediated degradation processcharging ground water by shallow subsurface drainage
responsible for creating deethylatrazine (McMahon etfrom tile drain discharges. Concentrations of DOC, Cl�,
al., 1992; Bayless, 2001; Kalkhoff et al., 2003). Further-and O2, which were lower in ground-water samples at
more, maximum concentrations of both atrazine anddepth beneath the stream than in samples from the

stream, were at a minimum during the period of lowest deethylatrazine occurred during periods of high flow in

Table 3. Stream discharge and concentrations of selected constituents in 78 samples collected from Cow Castle Creek, October 1995
through September 1998.†

Median value for the period

Constituent January–March April–June July–September October–December Three years Three-year range

pH 6.5 6.6 7.0 6.6 6.7 5.4–7.4
O2 303.1 256.3 237.5 260.9 259.4 190.6–381.3
HCO�

3 262.2 368.8 671.9 516.3 467.1 65.6–950.6
Ca2� 194.6 247.0 374.3 336.8 274.5 69.9–449.1
Mg2� 82.3 82.3 74.0 84.3 80.2 41.1–127.5
Na� 165.3 156.6 156.6 158.8 160.9 73.9–213.2
K� 33.2 46.0 53.7 58.8 46.0 2.55–104.8
SiO2 108.2 133.9 136.4 143.1 131.5 56.6–158.1
Fe2� 3.04 2.42 1.65 1.60 2.06 0.555–7.16
Mn2� 0.36 0.31 0.22 0.22 0.30 0.10–0.87
Cl� 253.9 244.0 208.8 231.3 234.4 98.7–338.5
SO2�

4 39.6 43.8 41.7 50.0 43.2 23.9–104.2
PO3�

4 0.32 0.65 0.97 0.61 0.65 0.32–1.81
Total P 0.97 1.21 1.29 1.03 1.13 0.32–7.55
NO�

3 128.6 128.6 85.7 121.4 121.4 33.6–278.6
NH�

4 1.43 3.43 2.14 1.43 2.14 1.07–6.43
DOC 341.7 341.7 233.3 345.8 304.2 166.7–916.7
Discharge 0.59 0.21 0.03 0.19 0.21 0.003–10.7

† All concentrations are �mol L�1 with the exception of pH, which is in standard units; dissolved organic carbon (DOC) is reported as �mol L�1 C;
discharge units are m3 s�1 as measured at the time of sample collection.
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Table 4. Concentrations of selected pesticides detected in at least 25% of 39 surface-water samples collected from Cow Castle Creek
during February 1996 through October 1996, and on 4 Feb. 1998.

Concentration
Detection frequency

Pesticide (n � 39) Minimum Median Maximum

�g L�1

Metolachlor 39 0.004 0.028 1.1
Atrazine 37 �0.001† 0.010 1.1
Simazine 35 �0.005 0.075 1.6
Alachlor 29 �0.002 0.010 0.045
Deethylatrazine 26 �0.002 0.003 0.033
Chlorpyrifos 25 �0.004 0.006 0.057
Tebuthiuron 24 �0.01 0.012 0.03

† Values reported as “�” were less than the reporting limit.

the spring following pesticide applications. Similar pat- spring, 1997–1998, and then decreased to their lowest
levels during the late summer and fall, 1998. The depthterns were observed for alachlor, chlorpyrifos, metola-

chlor, simazine, and tebuthiuron, suggesting rapid losses to water below land surface was greatest at the upgra-
dient end of the flow system in the corn field and wasfollowing spring applications.

Among the 12 monthly water samples collected from at or above land surface at the downgradient end of the
flow system in the riparian forest. Overbank flow fromApril 1997 through March 1998 and analyzed for 23

pesticides including atrazine and its degradates, and ac- Cow Castle Creek during December 1997 contributed
to the water level rising above land surface in the ripar-etanilide parent and degradate compounds, only five

compounds were detected at concentrations above the ian zone. Piezometric heads in the streambed were con-
sistently greater relative to surface-water stage. In ad-reporting limit (Table 5). It is important to remember

that the reporting limits based on the HPLC method dition, there was a pattern of increasing heads with
depth below the streambed, a condition commonly asso-used for these samples was about an order-of-magnitude

greater than for the samples analyzed by GC–MS during ciated with ground-water discharge zones (Winter, 1976).
Water-table elevations and ground-water flowlines shown1996, resulting in a lower frequency of detection. Again

metolachlor was the most frequently detected pesticide, in Fig. 3 provide a representation of the flow system
along Section A–A	 at the study site in November 1997.occurring in eight samples, followed by metolachlor

ESA in five samples; metolachlor OA was detected in At the time, there was a ground-water mound near Site
6, which resulted in potential movement of ground wateronly one sample. The ratio of metolachlor ESA to meto-

lachlor was 0.25 in May 1997 after application, increas- from Site 6 toward Site 7. This ground-water mound and
flow potential persisted through the April 1998 sam-ing to 5.4 in July, 5.3 in October, 7.5 in November,

and 6.3 in December, due to degradation of the parent pling, but by August 1998 the mound had dissipated
and ground-water flow was all toward Cow Castle Creek.compound in the months following application; this pat-

tern also was reported by Phillips et al. (1999). Alachlor These patterns in the water table and heads are consis-
tent with the stratified flow systems common to theESA was detected in three samples, but at a maximum

concentration only slightly greater than its reporting study area, as described by Aucott (1996), where water
enters at topographic highs and along flow paths andlimit. Atrazine was detected twice, in April and May

1997, but no atrazine degradates were detected. At no travels through the shallow flow system, discharging to
nearby streams.time during the study were any pesticides detected

above the USEPA (2005) established MCLs, although
atrazine and simazine concentrations in surface water Sediment Chemistry
were the largest detected during the study at about one- The bulk fraction of the shallow sediment in the ripar-
third their MCLs. ian zone (Site 2 in Fig. 2) was predominantly quartz

sand with a �1-�m clay fraction comprising kaolinite,Ground Water Hydrology chlorite, smectite, and illite. At 0.97% organic carbon,
this sample contained the greatest organic carbon frac-The water-table elevation and piezometric heads gen-

erally were at their maximum during the winter and tion among the samples analyzed; organic carbon con-

Table 5. Concentrations of selected pesticides and degradates detected in 12 monthly surface-water samples collected from Cow Castle
Creek during April 1997 through March 1998.

Concentration
Detection frequency

Pesticide† (n � 12) Minimum Median Maximum

�g L�1

Metolachlor 8 �0.05‡ 0.05 0.93
Metolachlor ESA 5 �0.2 �0.2 0.4
Metolachlor OA 1 �0.2 �0.2 0.3
Atrazine 2 �0.05 �0.05 0.14
Alachlor ESA 3 �0.2 �0.2 0.3

† OA � oxanilic acid degradate; ESA � ethane-sulfonic acid degradate.
‡ Values reported as “�” were less than the reporting limit.
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Fig. 3. Water-table elevations, ground-water flow directions, and approximate year of ground-water recharge in the surficial aquifer, Novem-
ber 1997.

tent declined with depth to 0.39 to 0.29%. Deeper in Dissolved oxygen concentrations ranged from 3.1 to
the sediment at Site 2, the bulk fraction contained pla- 297 �mol L�1 with a median of 168 �mol L�1. Given
gioclase in addition to the quartz sand, and in the deep- the calculated equilibrium value of 297 �mol L�1 at
est sample, calcite, dolomite, and potassium feldspar 17.5�C, most samples, although oxic, showed signs of
were detected along with the quartz and plagioclase. some oxygen depletion, as a result of oxidation of or-
The �1-�m clay fraction in these two deeper samples
was virtually the same as that in the shallow sample. Table 6. Concentrations Ar, N2 , NO�

3 , excess N2, reconstructed
In the corn field (Site 6 in Fig. 2), the bulk fraction NO�

3 (�NO�
3 ), and chlorofluorocarbon (CFC)-assigned re-

near the surface was fine to medium quartz sand with charge year of ground-water samples collected in November
1997.†calcite and dolomite. Calcite and dolomite were not

present at the two greater depths, suggesting they may Assigned
Site Ar N2 Excess N2 NO�

3 �NO�
3 CFC yearhave been of agricultural origins. However, chlorite was

present. The �1-�m clay fractions at all three depths �mol L�1

at Site 6 were similar, comprising a mixture of kaolinite, 1-I 15.8 602.4 2.5 321.4 326.4 1993
1-II 16.1 670.0 59.7 200.0 319.4 1975smectite, illite, and chlorite. Organic carbon content at
1-III 15.7 667.2 68.3 200.0 336.6 1974Site 6 was greatest near the surface with a concentration 2-I 16.1 701.8 90.5 28.6 209.6 1978
2-II 15.5 654.3 64.4 171.4 300.2 1982of 0.21%, and then decreased to 0.02 to 0.04% with
2-III 15.9 747.8 145.0 228.6 518.6 1979depth.
2-IV 15.9 653.7 47.9 178.6 274.4 1976
3-II 15.1 591.8 15.9 885.7 917.5 1994
3-III 15.6 628.1 33.3 1014 1081 1990Dissolved Gases
3-IV 16.0 645.3 38.2 242.9 319.3 1979
4-II 15.6 658.6 65.7 171.4 302.8 1980Concentrations of Ar ranged from 13.1 to 17.2 �mol
4-III 15.8 690.5 89.2 �3.6 178.4 1977L�1 with a median of 15.5 �mol L�1 (Table 6). The N2 5-I 13.1 464.5 0 1157 1157 1989
5-II 15.5 635.3 44.9 1407 1496 1988concentrations ranged from 464.5 to 992.1 �mol L�1

5-III 15.5 639.1 50.2 1100 1200 1986with a median of 637.2 �mol L�1 (Table 6). Excess N2, 5-IV 14.9 611.6 40.3 700.0 780.6 1981
calculated as the difference between the measured N2 6-I 15.2 608.6 26.9 1264 1318 1988

6-III NA NA NA 1257 1257 1983and the air–water equilibrium plus the contribution
6-IV 14.6 583.0 24.4 364.3 413.1 1979from excess air, ranged from 0 to 355.3 �mol L�1 with 7-I 13.6 513.3 0 371.4 371.4 NA

a median of 46.4 �mol L�1 (Table 6). The distribution 7-II 13.7 525.9 0 1521 1521 1997
7-III NA NA NA 335.7 335.7 1984of excess N2 was variable but the largest concentrations
7-IV 14.3 617.6 67.9 50.0 185.8 1979were found in samples from beneath the riparian zone. 7-V 15.5 622.0 33.0 135.7 201.7 NA

A linear regression fit through the N2 and Ar data indi-
† Values reported as “�” were less than the reporting limit; values ofcated a recharge temperature of 17.3�C; near the 17.5�C excess N2 reported as “0” were calculated to have no excess N2 ; “NA”

were not sampled.average annual temperature.



R
ep

ro
du

ce
d 

fr
om

 J
ou

rn
al

 o
f E

nv
iro

nm
en

ta
l Q

ua
lit

y.
 P

ub
lis

he
d 

by
 A

S
A

, C
S

S
A

, a
nd

 S
S

S
A

. A
ll 

co
py

rig
ht

s 
re

se
rv

ed
.

2286 J. ENVIRON. QUAL., VOL. 34, NOVEMBER–DECEMBER 2005

ganic carbon. All of the shallow samples from the ripar- total loss of HCO�
3 to neutralize the resulting H�. In

addition, NH4
� concentrations were negligible, with aian zone, as well as all of the samples at Site 4, were

suboxic or near suboxic (�64 �mol L�1). median of 1.4 �mol L�1 in the riparian zone and 2.5
�mol L�1 in the upland areas receiving fertilizer. On
the other hand, NO�

3 concentrations generally wereChlorofluorocarbon Age Dates
greatest in the shallow upland samples where fertilizerChlorofluorocarbon-based ages of ground water ranged
was applied and in a number of samples exceeded thefrom near modern in the shallow piezometer at Site 1
USEPA (2005) established MCL by as much as 2.5to 23 yr in the deepest sampling port at Site 1 (Table 6).
times.As might be expected, ground-water ages increased with

The initial or reconstructed concentrations of NO�
3depth and distance along the flow system (Fig. 3), and

(
NO�
3 ), before denitrification, calculated as (Tablethere was a strong correlation between age and depth

6, Fig. 4):(r � 0.92) for the samples in the recharge zone. Several
age dates were older than expected based on their depth 
NO�

3 � [NO�
3 ] � 2[excess N2] [2]

and position in the flow system. Specifically, the shallow-
are similar to the results for measured NO�

3 , with con-est sample from Site 2 was 4 yr older than the one imme-
centrations decreasing with depth below the fertilizeddiately below it. Here, ground water must pass through
areas and in the riparian zone. In a few cases the recon-the chemically reducing, organic-carbon-rich sediments
structed concentrations indicate that NO�

3 concentra-of the riparian zone, resulting in sorption and/or biodeg-
tions in the past were somewhat greater than might haveradation of CFCs, and consequently older apparent age
initially been assumed on the basis of measured NO�

3dates. Samples from Site 4 appear to have been similarly
alone, particularly at Site 2-III. Given the calculatedaffected due to organic horizons in that area as well.
recharge rate of 0.143 m yr�1, and the available N-appli-The nine age dates for the samples from Site 1-I in the
cation rate information for the corn field of 340 kg Nstreambed (0.7 m) ranged from 1990 to 1997, with a
ha�1 in 1996, we estimate that only about 10% of themedian of 1993, due to varying degrees of exchange and
N applied would be required to reach the water tablemixing with the overlying surface water.
to account for the maximum ground-water NO�

3 concen-We used the exponential age gradient equation pre-
tration of 2021 �mol L�1. Smaller reconstructed ground-sented by Vogel (1967) to estimate recharge rate:
water NO�

3 concentrations may be attributed to larger
recharge rates, smaller N-application rates, or a combi-A � �Zn

r�ln� Z
Z � z� [1]

nation of the two. It is particularly noteworthy that the
large decreases in NO�

3 in the shallow samples betweenwhere A is age in yr, Z is aquifer thickness (m), z is Sites 3 and 2 were only partly accounted for in the excessdepth below the water table (m), n is effective porosity, N2 data and therefore the reconstructed NO�
3 concentra-and r is average long-term recharge rate (m yr�1). By tions. This discrepancy arises because the decreases insubstituting various values for initial literature values NO�

3 concentrations were due to denitrification, plantof porosity and recharge rate for each sample port, we uptake, and mixing with low NO�
3 waters that rechargedarrived at an effective porosity of 0.4 and an average in the riparian zone.long-term recharge rate of 0.143 m yr�1 in the recharge Concentrations of NO�

3 in ground water at 0.7 mzone. beneath Cow Castle Creek (Table 7) at the time of
sampling in November 1997 were similar to that mea-Ground Water Chemistry sured in surface water, as were concentrations of Cl�;
O2 concentrations were also near those of surface waterThere were distinct differences in the chemistry of

ground water along the study transect, with the riparian and Fe2� concentrations were negligible. At the time of
the April 1998 sampling, NO�

3 in ground water andzone samples being dominated by Ca2�, HCO�
3 , and in

some cases NO�
3 , whereas the upland samples were surface water had declined to about one-third of the

November values, and the O2 concentration of the shal-dominated by Na�, Cl�, and NO�
3 . Sodium and Cl�

concentrations were greatest under and immediately low ground water had declined by about 90% relative
to both its November value and the April surface waterdowngradient of the fertilized areas. Both Na� and Cl�

commonly occur as a contaminant in fertilizer as NaCl value. Concentrations of Fe2� increased markedly in the
shallow ground water sample as well while Cl� concen-and as KCl, and both are a common contaminant associ-

ated with agricultural areas (Anderson, 1993; Puckett trations remained comparable in all the April samples.
By the time of the August 1998 sample collection, NO�

3et al., 1999). Dissolved organic carbon concentrations
were highly variable, probably reflecting mineralization and O2 concentrations in shallow ground water had de-

clined even further, Fe2� was elevated relative to theof organic C in the sediments, which itself was highly
variable due to the depositional history of the sediments. November samples, and Cl� concentrations were essen-

tially identical in both shallow ground water and surfaceProbably the greatest differences were in pH, which
ranged from 3.8 to 5.4 with a median of 4.4 in the upland water. These results indicate that during the April and

August time periods, conditions at 0.7 m beneath thesamples, and 5.0 to 8.0 with a median of 6.6 in the
riparian zone samples. These patterns in pH can be streambed were sufficiently reducing for Fe2� to remain

in solution and for denitrification to occur, thereforeeasily attributed to the nitrification of NH4
� in fertilizer

with the subsequent production of H� in the cultivated accounting for the small NO�
3 concentrations. While

there may be sufficient organic C buried in stream sedi-upland. Because of this nitrification, there was almost
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Fig. 4. Concentrations of selected (a) pesticides and reconstructed nitrate and (b) pesticide degradates in ground water sampled during Novem-
ber 1997.

ments to support denitrifying and iron-reducing bacte- immediately downgradient from the corn field, where
these pesticides were applied. Atrazine and metolachlorria, it is also likely that the dissolved organic C in stream

water was mixing with shallow ground water; this possi- were detected in the shallowest sample port at Site 1-I,
in the middle of the creek. Alachlor, carbofuran, chlor-bility is supported by the similarity between Cl� concen-

trations in shallow ground water and surface water. pyrifos, simazine, and tebuthiuron also were detected
on one occasion in the sample port at Site 1-I. None ofAtrazine and metolachlor were the most frequently

detected parent compounds in ground water during No- the concentrations of any of the compounds detected in
ground water during the study exceeded the maximumvember 1997 (Fig. 4) and April 1998 (Table 8). At both

sampling times, their concentrations were barely above contaminant level (MCL) set by the USEPA (2005).
Among the pesticide degradates, only those derivedthe reporting limit in most samples, although there were

notable exceptions such as at Sites 7-II and 7-III. Most from atrazine and metolachlor were detected in ground
water. Both deethylatrazine and hydroxyatrazine weredetections were in the sample ports located under or
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Table 7. Concentrations of selected constituents in ground- and remove NO�
3 in the shallow aquifer and the riparian

surface-water samples collected during November 1997, April zone. Because most of the surficial aquifer is oxic, the1998, and August 1998.
potential for widespread denitrification is limited and

Site Depth NO3
� O2 DOC† Cl� Fe2�

NO�
3 was not completely removed, leading to rejection

m �mol L�1 �mol L�1 C �mol L�1 of the hypothesis. However, the observed changes in
November 1997 NO�

3 concentrations along the flow path and in the
1-I 0.7 318.6 246.9 258.3 338.5 0.38 excess N2 measurements indicate that some denitrifica-
1-II 1.9 202.1 143.8 25.1 152.3 0.06 tion has taken place. One reason for this variability1-III 3.1 202.1 131.3 8.3 163.6 0.06

in denitrification is the heterogeneous nature of theCreek – 278.6 300.1 333.3 338.5 1.2
Pleistocene-age coastal terrace deposits, Holocene-ageApril 1998
floodplain deposits, and the scattered recent wetland1-I 0.7 105.7 21.9 191.7 189.0 13.8

1-II 1.9 285.7 178.1 75.0 169.3 0.18 deposits that make up the surficial aquifer. This hetero-
1-III 3.1 323.6 200.0 33.3 186.2 0.18 geneity results in pockets of high organic matter content,Creek – 102.9 228.1 633.3 208.8 5.7

creating scattered local conditions capable of supportingAugust 1998
some limited denitrification. In addition, because buried1-I 0.7 27.9 15.6 233.3 211.6 19.7

1-II 1.9 320.0 200.0 25.0 172.1 0.18 organic C commonly is refractory, and may limit micro-
1-III 3.1 336.4 218.8 16.7 172.1 0.18 bial processes, its reactivity controls the temporal and
Creek – 140.0 231.3 241.7 208.8 1.58

spatial extent of denitrification (Chapelle, 1993; Appelo
† Dissolved organic carbon. and Postma, 1996).

Although limited in the upland areas, denitrificationdetected at concentrations ranging from just above the
plays a role as a sink for NO�

3 in the shallow portionsreporting limit to a maximum of 1.8 �g L�1 in the case
of the riparian zone where organic C is in greater abun-of hydroxyatrazine (Table 8). Hydroxyatrazine concen-
dance. As shown in Fig. 4 and Table 6, large NO�

3 concen-trations generally were greatest in samples from the
trations, originating as fertilizer applied to the hay field,second sampling port below the water table then de-
decreased by approximately an order-of-magnitude bycreased with depth (Fig. 4). Deethylatrazine concentra-

tions generally were greatest in samples from the shal- the time they had traversed about halfway through the
lowest sample ports and decreased with depth. riparian zone. As reflected in the net increase in excess

Metolachlor ESA was the most frequently detected N2 gas, however, denitrification can account for only
metolachlor degradate with nine detections above the about 7 to 28% of the net decrease in NO�

3 concentra-
reporting limit, whereas metolachlor OA was detected tions. Therefore, the remaining decreases in NO�

3 con-
at less than half that frequency. In addition, concentra- centrations are attributed either to plant uptake or to
tions of metolachlor ESA were the largest of any de- mixing of low-NO�

3 waters that recently recharged in
tected, reaching a maximum of 14.1 �g L�1, which is the riparian zone with the shallow ground water. More
about one order-of-magnitude greater than that for met- importantly, NO�

3 remained in ground water below the
olachlor OA and two orders greater than for the parent riparian zone and in ground water beneath the creek,metolachlor. On a molar basis the sums of atrazine and meaning that the chemically reducing conditions presentmetolachlor and their degradates only accounted for

in shallow portions of the riparian zone were being by-about 0.002 and 0.007%, respectively, of the parent com-
passed. Furthermore, excess N2 gas accounts for onlypounds applied on the field in 1996.
about 37 to 41% of the reconstructed NO�

3 concentrations
in the 23-yr-old ground water in the discharge zone. EvenDISCUSSION
if the larger NO�

3 concentrations in ground water that
Nitrate Transport and Fate recharged since the mid-1980s are decreased by these

same percentages, we can expect that at some time in theWe hypothesized that long travel times in the ground-
water system would allow denitrification to completely coming decade, as this ground water reaches the end of

Table 8. Concentrations of pesticides and degradates detected in 24 ground-water samples collected during November 1997, and pesticides
in 29 ground-water samples collected during April 1998. Only 22 of the 24 samples collected during November 1997 were analyzed
by the Organic Research Laboratory for the triazine and acetanilide degradates.

Detection frequency Concentration

Pesticide† November 1997 April 1998 Minimum Median Maximum

�g L�1

Atrazine 13 10 �0.001‡ �0.001 0.15
Deethylatrazine 9 9 �0.002 �0.002 0.021
Hydroxyatrazine 7 NA �0.2 �0.2 1.8
Metolachlor 9 6 �0.002 �0.002 0.25
Metolachlor ESA 9 NA �0.2 �0.2 14.1
Metolachlor OA 4 NA �0.2 �0.2 1.0
Alachlor 1 0 �0.002 �0.002 0.007
Carbofuran 0 1 �0.003 �0.003 0.007
Chlorpyrifos 1 0 �0.004 �0.004 0.004
Simazine 1 0 �0.005 �0.005 0.013
Tebuthiuron 1 0 �0.01 �0.01 0.02

† OA � oxanilic acid degradate; ESA � ethane-sulfonic acid degradate.
‡ Values reported as “�” were less than the reporting limit; “NA” were not sampled.
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its flow path, we will see NO�
3 concentrations of about 2003). The relatively large surface-water concentrations

of pesticides we observed in the spring are indicative430 to 700 �mol L�1 beneath Cow Castle Creek. It is also
possible, however, that the NO�

3 decreases will be only of runoff following applications (Phillips et al., 1999;
Kalkhoff et al., 2003). Most of the relevant degradationon the order of the 120 to 140 �mol L�1 that we observed,

and NO�
3 concentrations of about 1000 to 1600 �mol L�1 processes are biologically mediated and occur in the

shallow soil zone (Phillips et al., 1999; Kalkhoff et al.,may occur in ground water beneath the creek.
It is important to note that at least during April and 2003). Therefore, the absence of, or relatively small

concentrations of pesticide degradates in the same sur-August some NO�
3 was removed from shallow ground

water as the result of denitrification in the upper 0.7 m face-water samples, indicates that they had not been in
the shallow soil zone long enough after application forof the streambed. The fact that the greatest decrease

in NO�
3 occurred during the August low-flow period biodegradation to occur to a measurable extent. The

increases in the ratio of pesticide degradates, such ashelps to explain why even though ground water had its
greatest influence on surface-water chemistry at that metolachlor ESA, to the parent compound during the

growing season (from 0.25 in May to 7.5 in November)time, surface-water NO�
3 concentrations were at their

smallest and were only about one-quarter of what might reflect the production of the degradates because of
transformation processes in the shallow soil zone (Phil-be expected given NO�

3 concentrations in deeper ground
water beneath the stream. A more intensive study of lips et al., 1999).
hyporheic zone processes would be required at the study
site to determine the degree to which the potential in- Hydrogeologic Controls
creases in ground-water NO�

3 concentrations will affect
Several hydrogeologic factors combine in the studyin-stream NO�

3 concentrations.
area to influence the transport and fate of NO�

3 and pes-
ticides from the cultivated fields to Cow Castle Creek.Pesticides and Pesticide Degradates First, this is a low-gradient hydrologic setting with a sea-
sonally high water table, requiring tile drains and ditchesWe also hypothesized that long travel times in the

ground-water system would allow pesticides and their to remove excess water. The net result of this practice
is to route shallow subsurface drainage directly fromdegradates to be mineralized to undetectable levels be-

fore they reached the adjacent creek, and with minor the cultivated fields to Cow Castle Creek, bypassing bio-
geochemical processes in the riparian zone. Anotherexceptions this appears to be true. Our results indicate

that some of these compounds (atrazine, deethylatra- effect of artificial drainage is a decrease in the effective
recharge rate, resulting in an increase in ground-waterzine, hydroxyatrazine, metolachlor, metolachlor ESA,

and metolachlor OA) may persist in ground water for residence times within the flow system. This increased
residence time allows more time for slow processes suchperiods up to 18 yr. In the case of the degradates, it

might be argued that their presence in ground water is as pesticide degradation, and in part, accounts for why
the pesticides have not migrated far from the corn fieldthe result of continued degradation of the parent com-

pound, or it may be due to their assumed slower degra- where they were applied. Finally, the depositional his-
tory of the sediments that make up the surficial aquiferdation rates than the parent compounds. Where detected

in this study, the concentrations of parent compound plays a very important role as well. These sediments
are a mixture of finer-grained sands, silts, and clays inoften were just above the reporting limit whereas the

degradate concentrations were commonly one or more the uplands, coarser-grained sands at depth near the
creek, and a thin (�1 m thick) chemically reducing surfi-orders-of-magnitude greater than those of the parent

compounds. Therefore, continued transformation of the cial layer in the riparian zone, most of which contain
small amounts of organic C. The small amounts of or-parents is not likely to have accounted for the persis-

tence of the degradates. ganic C are inadequate to support widespread denitrifi-
cation. The coarser-grained sediments provide a prefer-In spite of this persistence, there is little evidence

that the parent compounds or their degradates have ential flow path that allows NO�
3 in ground water to

pass beneath the shallow reducing layer in the riparianmigrated very far downgradient from the corn field
where they originated. At this location the configuration zone and discharge directly into the streambed.

Several lines of evidence indicate that Cow Castleof the ground-water flow system results in moderately
long residence times (�20 yr), giving degradation pro- Creek receives ground water from the adjacent aqui-

fer and that there is active exchange of water within thecesses sufficient time to reduce pesticide concentrations
to relatively small values. The absence of virtually all streambed. Head measurements made at various depths

under the streambed were consistently positive through-pesticides in samples from the riparian zone, and espe-
cially beneath the stream at depths greater than 0.7 m, out the year, indicating a strong discharge potential.

Measurements of flow at various points in a 168-m-longindicates that, at least at this location, ground water is
not a direct source of pesticides or their degradates to stream reach during a relatively stable period of dis-

charge in winter confirmed a net increase in dischargeCow Castle Creek.
The pesticide and pesticide degradate results agree of 13.4%, indicating that ground water was contributing

to stream flow. Furthermore, (i) the relatively modernwith a number of recent studies that have reported the
presence of numerous pesticides and their degradates age date for samples from the shallow (0.7 m) sampling

port under the streambed, (ii) the fact that the dissolvedin ground water and surface water in the midwestern
United States (e.g., Kolpin et al., 2000; Kalkhoff et al., N2 concentration measured there was virtually the same
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Fig. 5. Piper diagram of ground- and surface-water chemistry, October 1995 through September 1998.

as the air-water equilibrium value, and (iii) the presence collected during the high-flow months (January–March)
plotting closer to the upland samples. Our interpretationof numerous pesticides found in the stream but not in

deeper ground water at Site 1, confirm that exchange of these data is that during the low-flow period, stream
chemistry is strongly influenced by discharging groundis occurring in the upper 0.7 m of the streambed.

The water-chemistry data for the creek and ground- water that has most recently passed beneath the riparian
zone and, thus, has a similar chemical signature. On thewater samples shown in the Piper diagram in Fig. 5

illustrate the relative importance of different ground- other hand, during periods of higher stream flow, when
ditches and tile drains are actively shunting shallow sub-water sources to the stream. As shown in the “CAT-

IONS” panel in Fig. 5, ground water in the riparian surface drainage water directly from the cultivated areas
to the stream, the chemical signature of surface waterzone is dominated by Ca2�, whereas in the cultivated

upland area the water chemistry is much more variable reflects the upland ground-water chemistry to a greater
degree.and trends toward Na�, K�, and Mg2�. This pattern is

also discernible in the “ANIONS” panel, although not
as pronounced because the Cl� and NO�

3 applied in CONCLUSIONSfertilizer in the upland area are, for the most part, trans-
ported conservatively downgradient into the riparian Denitrification was not a strong controlling factor in

the transport and fate of NO�
3 at this study site due tozone. In the combined chemistry panel, the three group-

ings of water chemistry are still evident, with the stream the absence of sufficient organic C or other reduced spe-
cies required to support this process. Even in the ripar-samples again falling between the two distinct groupings

of ground-water samples. In all three panels, Cow Castle ian zone sediments, other processes accounted for more
NO�

3 loss than did denitrification, and NO�
3 in groundCreek samples fall on a line or in a cluster between

the two ground water groupings, with stream samples water was transported to Cow Castle Creek where it
mixed with surface water in the streambed. During thecollected during the low-flow months (July–September)

plotting closer to the riparian zone samples and those low-flow period, some NO�
3 was lost in the streambed,
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